Objective: To determine quantitative size thresholds for enlargement of the optic nerve, chiasm, and tract in children with neurofibromatosis type 1 (NF1).
Results: A total of 186 children (controls 5 82; NF1noOPG 5 54; NF11OPG 5 50) met inclusion criteria. NF1noOPG and NF11OPG participants demonstrated greater maximum optic nerve diameter and volume, optic chiasm volume, and total brain volume compared to controls (p , 0.05, all comparisons). Total brain volume, rather than age, predicted optic nerve and chiasm volume in controls (p , 0.05). Applying the 95th percentile threshold to all NF1 participants, the maximum optic nerve diameter (3.9 mm) and AVP volumes resulted in few false-positive errors (specificity .80%, all comparisons).
Conclusions:
Quantitative reference values for AVP enlargement will enhance the development of objective diagnostic criteria for OPGs secondary to NF1. Fifteen to twenty percent of children with neurofibromatosis type 1 (NF1) will develop a lowgrade pilocytic astrocytoma involving the anterior visual pathway (AVP; optic nerve, chiasm, or tracts). 1, 2 These tumors, termed optic pathway gliomas (OPGs), are intrinsic to the AVP and cause vision loss in up to 50% of children with NF1. 2 To be considered an OPG, some portion of the AVP must demonstrate enlargement as this is representative of abnormal cellular growth consistent with tumor formation. 2, 3 It is debatable whether isolated contrast enhancement or T2 hyperintensity without concurrent enlargement should be considered an OPG.
No quantitative MRI criteria exist to define what amount of optic nerve, chiasm, or tract enlargement constitutes an OPG. When rudimentary 1D or 2D manual measures (e.g., diameter) are performed, the lack of an established quantitative definition of enlargement can result in children being inappropriately diagnosed with an OPG, resulting in additional and unnecessary clinical and MRI examinations, and potentially unwarranted therapy. Furthermore, the lack of an operationalized definition of AVP enlargement limits the ability to develop objective diagnostic criteria for OPGs secondary to NF1, compare results across research studies, and importantly, execute an informative clinical trial of OPGs secondary to NF1.
In this study, we performed quantitative analysis of the AVP in control patients as well as patients with NF1 with and without OPGs to establish objective quantitative criteria for AVP enlargement.
METHODS Participants. A convenience sample of children from Children's National Health System was retrospectively identified if they had undergone MRI that included highresolution contrast-enhanced T1-weighted MRI sequences (;0.4 3 0.4 3 0.6 mm 3 ) between January 2012 and June 2015. In order to ascertain patients with NF1, patients seen in the neurofibromatosis clinic were preferentially identified from this convenience sample as at least one study investigator (R.J.P. or R.A.A.) experienced in caring for children with NF1 had examined the patient and could confirm the diagnosis according to established criteria. 1 Eligible patients were divided into 3 separate cohorts: controls, NF1 only without MRI evidence of an OPG (NF1noOPG), and NF1 diagnosed as having an OPG involving, at a minimum, the optic nerves (NF11OPG). MRI findings suggestive of OPG involvement beyond the optic nerves were permitted, but not required to be classified as a NF11OPG participant.
Participants for the control cohort were children between age 6 months and 18 years whose MRI was interpreted as normal by a pediatric neuroradiologist. The medical records of the controls were reviewed and participants excluded if they had a current or past history of a systemic (cancer, sickle cell disease, metabolic or rheumatologic condition), congenital (gestational age ,37 weeks, congenital heart defect, brain/tissue anomaly, optic nerve hypoplasia, arachnoid cyst, hydrocephalus, intraventricular hemorrhage, nystagmus), genetic (any identified or suspected syndrome), or acquired condition (optic neuritis, multiple sclerosis, neuromyelitis optica, anoxic event, cardiac arrest, encephalomalacia, hypoxia-ischemic encephalopathy, stroke) that could damage or alter their visual pathway or total brain volume.
Participants meeting the NIH established criteria for NF1, Quantitative size values for specific structures were then abstracted from the segmentations by another investigator (A.M.) using automated methods. The optic chiasm was separated from the optic nerves and tracts at an angle orthogonal to the chiasm at the optic nerve-chiasm and optic tract-chiasm junctions, respectively (figure). The optic nerve was divided into 4 partitions of equal lengths to permit local quantification of diameters and volumes. For partitioning, the center line of the optic nerve was automatically extracted by using the previously validated fast-marching minimal extraction method available in the Insight Toolkit (National Library of Medicine, Bethesda, MD). 4 The diameter along the center line was computed for each partition by calculating the orthogonal distance from the center line to the surface of the optic nerve at every point along the center line. This approach compensates for errors in the estimation of the diameter due to variations in multiplanar reconstructions in the MRI data. The mean and maximum diameters within each partition were then calculated after discarding values outside of a 2 SD band around the mean. This approach eliminates outliers in a fashion similar to the popular interquartile range. 5 The first 2 partitions closest to the globe were combined to comprise the first segment and the latter 2 partitions were labeled as the second segment. Volumes were computed by multiplying the volume of a unit voxel by the number of voxels in each partition.
The height, width, and volume of the chiasm were also calculated considering the chiasm to be a single partition. Since the shape of the chiasm approximates that of an ellipsoid, the height and width were estimated as the axes of the bounding box that envelops the chiasm. The chiasm volume was computed as described above. Given the limited visualization of the optic tracts beyond the optic chiasm, measurements were limited to the first 10 mm from the optic tract-chiasm junction. This limitation ensured that consistent measurements were independent of acquisition parameters, resolution limits, and interobserver variability. A single partition was used for each optic tract. The methods to calculate the mean and maximum diameters as well as volume were identical to those described above for the optic nerves.
Brain volume was calculated from the T1-weighted sequences using a previously established technique. 6 Statistical analysis. Descriptive statistics were reported as mean/ median (range) for continuous variables and as percentages for categorical variables. The Shapiro-Wilk test was used to assess normality of all variables. Paired t test was used to compare continuous measures within a cohort whereas unpaired t test compared measures between cohorts. Controls and NF1noOPG participants only contributed the volumetric measures from the right eye given the known between-eye correlation. One or both eyes diagnosed with an OPG could be included in the comparison analysis for NF11OPG participants. We defined an abnormally large AVP measure using the standard threshold of values above the 95th percentile 7 from the controls cohort. Unadjusted and adjusted linear regression models were used to assess the influence of age, sex, optic nerve length, total brain volume, and OPG location (optic nerve only, chiasm 6 optic nerve, or optic tract 6 chiasm/nerves) on linear and volumetric measures. Independent variables whose level of significance did not reach p , 0.05 during unadjusted analysis were dropped from subsequent adjusted analysis.
RESULTS A total of 186 children (controls 5 82; NF1noOPG 5 54; NF11OPG 5 50) met inclusion criteria (table 1) . Controls were slightly older than NF1noOPG and NF11OPG participants (p , 0.01, both comparisons), although they had comparable absolute numbers in the same age range. NF11OPG had a greater percentage of female participants compared to NF1noOPG.
Optic nerve. ; p , 0.001) and entire AVP volume compared to controls (p 5 0.002). The NF11OPG cohort had large optic nerve diameter and volume measures compared to controls and NF1noOPG (p , 0.05, all comparisons).
Linear regression calculated the influence of age, sex, and optic nerve length on the diameter and volume measures both within and between cohorts (table e-1 on the Neurology ® Web site at Neurology.org). None of these factors influenced either the maximum or average optic nerve diameter, except for NF11OPG participants, in which longer optic nerves predicted a greater maximum diameter. As expected, optic nerve length demonstrated a positive relationship with optic nerve volume in all cohorts. In controls, a larger brain volume also predicted a greater optic nerve volume. Extent of tumor burden (isolated optic nerve vs chiasm 6 optic nerve involvement vs optic tract 6 chiasm or nerves) did not influence any of the optic nerve diameter or volume measures in the NF11OPG cohort.
Applying the 95th percentile threshold from the controls, relatively few NF1noOPG participants were classified as having abnormally enlarged optic nerve maximum diameter, average diameter, and volume measures, resulting in good specificity (83%, 78%, and 93%, respectively). On the other hand, slightly more than half of the NF11OPG participants' optic nerve measures were classified as abnormally large (sensitivity 68%, 49%, and 58%, respectively).
Optic chiasm. The optic chiasm height, width, and volume did not differ between controls and NF1noOPG, but all values from the NF11OPG group were larger than both cohorts (table 3; p , 0.01, all comparisons). A larger total brain volume predicted a larger optic chiasm width, height, and volume in the control cohort only (table e-2). Greater age predicted a greater chiasm width in controls and NF1noOPG, even when considering brain volume. Chiasm height and total volume were not influenced by age or total brain volume in the NF1noOPG and NF11OPG cohorts. There were no statistically significant predictors, including tumor extent, of chiasm measures in the NF11OPG cohort. Applying the 95th percentile threshold from the controls, relatively few NF1noOPG participants were classified as having abnormally enlarged optic chiasm height, width, and volume measures, resulting in good specificity (85%, 95%, and 83%, respectively). A majority of the NF11OPG participants with an OPG involving the chiasm demonstrated measures classified as abnormally large (sensitivity 65%, 79%, and 91%, respectively).
Optic tracts. The optic tract maximum diameter, average diameter, and volume did not differ between controls and NF1noOPG (table 4). NF1noOPG and NF11OPG cohorts only differed in optic tract volume (p , 0.05). Controls and NF11OPG differed by maximum diameter and volume (p , 0.01, all comparisons), but did not differ between average diameter. Age and total brain volume did not significantly predict any of the optic tract measures in the cohorts with the exception of a larger brain volume predicting a larger optic tract diameter only in controls (table e-3) .
Applying the 95th percentile threshold from the controls, relatively few NF1noOPG participants were classified as having abnormally enlarged optic tract maximum diameter, average diameter, and volume measures, resulting in good specificity (80%, 87%, and 81%, respectively). On the other hand, a relatively small portion of the NF11OPG participants' optic tract measures were classified as abnormally large (sensitivity 41%, 29%, and 41%, respectively).
DISCUSSION Numerous diagnostic and clinical challenges exist when caring for children with OPGs secondary to NF1. Without an objective OPG definition, the monitoring of children with NF1 will likely vary significantly across institutions. In this study, we present a reference range and threshold for abnormal enlargement of the AVP that should be one of the metrics used to develop a formal OPG definition.
Controls demonstrated smaller maximum and average diameters all along the AVP when compared to NF1noOPG participants. A larger brain volume, rather than older age, was consistently and more strongly associated with greater AVP measures across cohorts. Despite this association, using an absolute rather than adjusted 95th percentile of the optic nerve maximum diameter (3.9 mm), average diameter (2.3 mm), and optic nerve volume (0.622 mm 3 ) from the control group provides a practical threshold. Greater brain volume also predicted a larger optic chiasm and optic tract volume in controls only, likely due to the high frequency of macrocephaly in children with NF1. 1, 8 Even when not accounting for brain volume, the above thresholds were useful for discriminating between controls and those NF1 participants with and without an OPG.
Investigators have previously used MRI and human cadavers to perform 2D cross-sectional and mean area measures of the AVP in healthy controls [9] [10] [11] [12] as well as pathologic conditions such as papilledema, 13 optic neuritis, 14 optic nerve hypoplasia, 15 dominant optic atrophy, 16 and NF1. 17 Similar to our results, controls demonstrated a greater diameter along the first half of the optic nerve (e.g., starting at the globe) compared to the posterior portion. By performing manual measures on T2-weighted fast Table 3 Volume spin-echo MRI of adult controls, similar diameters have been reported of the anterior (3.5 mm), middle (3.1 mm), and posterior portions (3.1 mm) of the optic nerve. 16 Other investigators have reported a mean optic nerve thickness of approximately 2.3 mm in children with NF1 using a single cross-sectional measure 2 mm behind the globe. 17 Fewer studies have investigated optic chiasm and or optic tract reference ranges, although their measures of chiasm width (14-15 mm) and optic tract diameter (2.8 mm) were similar to our results. 12, 18 A number of factors likely contribute to the variability of AVP measures reported across studies, including MRI sequence type, MRI slice thickness, orientation of images, interrater variability, frequency of measurements, measurement location, method of measurement, and the consideration of other clinical variables (e.g., age and brain volume). We chose to segment high-resolution T1-weighted MRI sequences because of their close to isotropic voxel size, thus avoiding difficulties arising from slice thickness and variations in the multiplanar reconstruction. We also chose this sequence since it is included in our institution's standard radiology acquisition. As long as highresolution T1-weighted images are acquired, we do not anticipate significant variability in AVP measures between centers using MRI from different manufacturers. Some investigators prefer T1-weighted images to visualize the optic nerve, 12, 19 whereas others believe standard or novel T2-weighted sequences better highlight the border between the optic nerve and CSF. 9, 10, 15 While considering a combination of sequences may be preferable, this approach may not always be feasible in pediatric imaging, especially when duration of sedation is considered.
Measuring the AVP of children with NF1 is challenging for a number of reasons. First, they frequently have tortuous optic nerves, so measures at a single location may not be an accurate reflection of the actual diameter or volume. 17, 20 Next, the amorphous shape of OPGs secondary to NF1 and the need to monitor longitudinal changes in tumor size 21 suggest that comprehensive measures along the entire AVP are a more meaningful metric compared to isolated 1D and 2D measures. 21 Finally, OPGs can involve single (e.g., optic nerve only) or more frequently multiple structures (e.g., nerve 1 chiasm) along the AVP. By segmenting the entire AVP and reporting multiple metrics (i.e., maximum diameter, average diameter, volume), our approach provides a more meaningful interpretation than isolated manual measurements.
A number of limitations should be considered when interpreting our study results. The retrospective collection of a convenience sample of participants may have introduced a selection bias, especially since the interpretation of an OPG by the neuroradiologist is subjective Table 4 Optic tract, whole brain, and entire anterior visual pathway volume for controls and participants with neurofibromatosis type 1 with and without an optic pathway glioma Segment Control (n 5 82) NF1noOPG (n 5 54) NF11OPG (n 5 50) and can vary among clinicians. Our study included interpretations from 4 different neuroradiologists within our institution. It is likely that bias in diagnosing OPGs exists both within and between institutions. In order to validate our thresholds, future prospective studies must include blinded data from other institutions. Some NF11OPG participants demonstrated diameter and volume measures similar to controls. We can only speculate that the MRI of participants with large OPGs (e.g., isolated to the chiasm) may be interpreted as having enlarged adjacent structures (e.g., optic nerves) that are in fact normal in size. Manual segmentation of the entire AVP is labor intensive and not practical in a busy clinic. Automated segmentation of the AVP, currently being refined in our laboratory, would eliminate the time burden, provide objective and consistent measures, and increase accessibility to other centers using different imaging equipment that were willing to implement standard MRI acquisition protocols.
Defining the radiographic criteria for an OPG secondary to NF1 is beyond the scope of our study. This definition will likely need to consider multiple MRI (e.g., structure size, presence of T2 hyperintensity or contrast enhancement) and clinical features. Instead, we introduce quantitative size thresholds for enlargement of the AVP that will be one factor incorporated into the definition of an OPG secondary to NF1.
